Abstract-Silicon-based single photon avalanche diodes (SPADs) are widely used as single photon detectors of visible and near infrared photons. There has, however, been a lack of models accurately interpreting the physics of impact ionization (the mechanism behind avalanche breakdown) for these devices. In this paper, we present a statistical simulation model for silicon SPADs that is capable of predicting breakdown probability, mean time to breakdown, and timing jitter. Our model inherently incorporates carriers' dead space due to phonon scattering and allows for nonuniform electric fields. Model validation included avalanche gain, excess noise factor, breakdown voltage, breakdown probability, and timing statistics. Simulating an n-on-p and a p-on-n SPAD design using our model, we found that the n-on-p design offers significantly improved mean time to breakdown and timing jitter characteristics. For a breakdown probability of 0.5, mean time to breakdown and timing jitter from the n-on-p design were 3 and 4 times smaller compared to those from the p-on-n design.
I. INTRODUCTION
A GROWING number of optical-based applications are sending and/or detecting optical signals at the single photon level. In applications such as Raman spectroscopy [1] , optical tomography [2] and deep space optical communications [3] , being able to detect weaker optical signals leads to more sensitive systems. For other applications, however, using optical signals at the single photon level is essential to the principle of operation, e.g., quantum key distribution [4] and photon-based quantum information processing [5] .
Single-photon-level signals can be detected using various detectors including Si-based Single Photon Avalanche Diodes (SPADs) [6] , InGaAs-based SPADs [7] , Superconducting Nanowire Single Photon Detectors (SNSPDs) [8] , and electron-Avalanche Photodiodes (e-APDs) [9] . Despite being limited to optical signals with wavelengths <1 μm, Si-based SPADs are widely employed. Si-based SPADs have a relatively high operating temperature, compared to SNSPDs that require very low operating temperatures of a few Kelvin. They also have low false counts, with 800 cps for Si SPADs (50 μm diameter) [10] compared to 500 Mcps for InGaAs-based SPADs (size not specified) [11] , at 55% detection efficiency.
The importance of Si-based SPADs gave rise to development of simulation models for Si SPADs. The key performance parameters investigated are (i) breakdown probability, P b , which determines the detection efficiency of a SPAD, and (ii) timing jitter, usually defined as Full-Width at Half-Maximum (FWHM) of time to detect avalanche breakdown. Since both parameters are entirely determined by the impact ionization process in Si, a valid model must contain accurate information of the impact ionization process at electric field magnitudes relevant to Si SPADs to yield accurate simulations of P b and timing jitter.
To accurately describe the impact ionization process, the carriers' history, including dead space, which is significant in submicron avalanche regions (common in Si-based SPADs with small timing jitter), must be included [12] . Furthermore, for devices with highly non-uniform electric fields (again common in Si-based SPADs), careful incorporation of history-dependent treatment into the impact ionization process is essential.
The early Si-based SPAD simulation work [13] , [14] did not include the carriers' dead space, because they were completed before the significance of dead space had been fully realized and investigated by Avalanche Photodiode (APD) researchers. Since then, coupled integral equations for simulations of breakdown probability accounting for dead space have been reported [15] , [16] . Later, mean time to breakdown, T b , and timing jitter were simulated in a study that included dead space but used only constant electric fields [17] . This was followed by a Si SPAD model by Ingargiola et al. [18] , which included the carriers' dead space and tried to accommodate non-uniform electric fields. However, their model was only able predict the breakdown voltages, V b , of two Si SPADs, after adjusting ionization coefficients [18] . In summary, none of the models mentioned above offer sufficient validation required for accurate Si SPAD simulations of probability and timing statistics of avalanche breakdowns.
This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ Since then, a Simple Monte Carlo (SMC) model [19] for simulating avalanche gain, M, and excess noise factor, F, as function of reverse bias, V, was developed for Si APDs [20] . A SMC model contains far less band structure details, and so requires far shorter computation-time, compared to standard Full Band Monte Carlo models. Crucially, SMC models include carrier scattering mechanisms (including impact ionization) updated on a femtosecond timescale, so it can handle highly non-uniform electric fields.
Reported SMC models underwent extensive benchmarking with experimental data on impact ionization, covering a wide range of electric fields. For example, the Si SMC model in [20] was benchmarked against experimental V b , M(V), and F(M) of five Si diodes (with breakdown electric fields from 230 to 830 kV·cm −1 ), including a p-n diode with a highly non-uniform electric field profile.
Building on [20] , in this work we report an SMC model for Si SPAD simulations. In addition to simulating V b , M(V), and F(M), as for the typical SMC models, our SMC model for Si SPADs provides breakdown probability, mean time to breakdown, and timing jitter as functions of reverse bias. In this work, the time to breakdown is defined as the time elapsed between carrier injection and current threshold being reached.
II. MODEL
As in the first SMC models reported by Plimmer [19] , our Si SMC model incorporates two main carrier scattering mechanisms; effective intervalley phonon scattering (phonon absorption and phonon emission) and impact ionization. In the simulated SPAD, a carrier drifts in the depletion region of the device and gains energy from the electric field, . At the end of a free flight (typically femtoseconds long), the carrier can undergo either a phonon scattering or an impact ionization event, as determined by a random selection. Our model uses the same phonon scattering rates and ionization rates as the Si SMC model in [20] , which was validated not only with experimental impact ionization-related data but also electron and hole drift velocities versus uniform electric field.
SMC models record the carriers' positions to produce distributions of avalanche gain (giving mean gain and excess noise factors). The instantaneous currents contributed by each of the carriers can also be computed in an SMC model [21] , by applying Ramo's theorem [22] , I (t) = qv/w, where q is the charge of an electron, v is the instantaneous velocity of the carrier and w is the depletion width. The Si SMC model of this work computes the carrier's position and velocity as well as the resultant instantaneous current. Each trial outputs the total current, from which the associated avalanche gain, m, is computed. From a histogram of m, M = m and F = m 2 / m 2 can be obtained. The total current also gives the time taken to reach breakdown, if the current threshold (set to 0.1 mA) is reached. The level of 0.1 mA (generating a 5 mV voltage drop across a 50 resistance) is detectable experimentally using an avalanche quenching/sensing circuit [23] .
For a given set of simulation conditions, the number of trials reaching breakdown and the associated time to breakdown were recorded. The ratio of the former to the total number of trials gives P b . The latter yields a histogram of time to breakdown, t b , which in turn produces mean time to breakdown, T b , and timing jitter due to the stochastic nature of impact ionization.
The probability density functions (PDFs) of t b of a p-i-n device with a depletion width of 0.26 μm at V = 13.5, 14.25 and 15.25 V (P b = 0.56, 0.87 and 0.98) are shown in Fig. 1 , as examples of SPAD timing information available from the model. Each PDF was generated using the trials that reached avalanche breakdown out of a total of 10000 trials. As V increases, which increases P b , the avalanche process speeds up and there is less Fig. 1 correspond to approximately 3, 5, and 11 times the carrier's transit time, respectively.
III. VALIDATION
Since the model of this work builds on [20] , it was successfully validated with the usual comparisons of simulated results and experimental results for (i) electron and hole drift velocities versus electric field [24] - [26] shown in Fig. 2 , as well as (ii) V b , M(V), and F(M) [27] , as expected. The number of trials used for a given set of conditions was 10000. For part (ii), three p-i-n devices, one n-i-p device and a p-n device reported in [27] were used and their structure details are summarized in Table I . The unintentionally doped layers were n-type. The simulations used pure electron injection conditions for the p-i-n and p-n devices, and pure hole injection conditions for the n-i-p device. These results suggest the SMC is capable of predicting behavior in devices with a highly non-uniform electric field.
M(V) from the simulated instantaneous current are compared with the experimental data [27] for the five devices in Fig. 2 , and Simulated P b versus reverse bias characteristics for devices A-E are shown in Fig. 3 , with the V b from Fig. 2(b) included as reference values. For all devices, P b (V ) rises from zero at V = V b , approaching unity as V increases, as expected from the established theory [15] .
The SMC P b (V ) results are also compared with those calculated using recurrence equations by McIntyre [15, Eqn. 29], as shown in Fig. 4 . The device structure used was an ideal p-i-n diode with 1.0 μm i-region width, w. The recurrence equations require PDFs of electron and hole impact ionization path lengths, h e (ξ ) and h h (ξ ), as inputs. Hard dead space approximations [28] were used so The comparison in Fig. 4 shows reasonable agreement, with a maximum variation of 21%, between results from the SMC model and the recurrence equations, for an electron-hole-pair injected at the junction of p + /i (pure electron injection) or i/n + (pure hole injection). For a given reverse bias, P b is higher when pure electron injection is used, compared to pure hole injection. This is expected from existing knowledge of avalanche breakdown probability [13] because α * > β * in Si. Timing information of the same w = 1.0 μm ideal p-i-n diode from the SMC model is presented in Fig. 5 , in the form of T b and standard deviation of t b . Using standard deviations, instead of FWHM, for this particular figure allows direct comparison with timing data from simpler models assuming constant carrier velocities, such as the Random Path Length (RPL) model [17] . Data from ref [17] , which is included in Fig. 5 , assumed a constant drift velocity of 10 5 m·s −1 for both electrons and holes. Timing jitter predicted by both models is similar, but the RPL model overestimates T b . The discrepancy in T b could be caused by the RPL model's assumption of a constant carrier velocity for all carriers, which underestimates the velocity of the ionizing carriers [21] . It is noted that highly non-uniform electric fields in actual Si SPADs are likely to introduce further errors in the timing information from simpler models.
IV. EFFECTS OF SPAD DESIGN ON TIMING PERFORMANCE
The SMC model was then used to investigate effects of SPAD design on avalanche breakdown timing performance. Using an n + − p − p − − p + structure, we consider two Si SPAD designs, which have either the n + -region or the p + -region on the top of the semiconductor's surface. The former (n-on-p design) is the orientation used in commercial SPADs, whereas the latter (pon-n design) will require changes in device fabrication method (though within the technical ability of current semiconductor technologies). Both designs have identical breakdown voltage of 27 V and their electric field profiles at this voltage are shown in Fig. 6 . It was assumed that incident photons enter from the top of the semiconductor's surface in both designs and are fully absorbed in the top n + or p + region. Hence this investigation also covers comparison of pure hole injection (n-on-p design) and pure electron injection (p-on-n design). Simulations of P b , T b , and timing jitter were carried out for both designs. Results of P b versus reverse bias and timing statistics versus P b are plotted in Figs. 7 and 8, respectively. In Fig. 7 , for a given reverse bias, avalanche breakdown is less likely to occur in the n-on-p design than the p-on-n design. This is because the former is reliant on holes, which are less likely to undergo impact ionization, to trigger avalanche breakdown. The lower P b in the n-on-p design is reflected in the use of reverse bias >1.2 V b in SPADs to achieve good P b (e.g., [29] ). Using reverse bias well above V b is practical for Si n-on-p SPADs because of their relatively low false counts. It is however less appropriate for SPADs with false counts that rise rapidly with reverse bias. Fig. 8 shows that, at a given P b , the n-on-p design provides significantly more desirable avalanche breakdown timing statistics (faster and less variable), compared to the p-on-n design. For example, at P b = 0.5, the n-on-p design has a mean time to breakdown and timing jitter that are 3 and 4 times smaller, respectively, than those from the p-on-n design. Note that our observation is distinct from and does not contradict ref [17] , which found that, for a given P b , both mean time to breakdown and timing jitter decrease when ionization coefficients of the avalanche material become similar.
It is unsurprising to have closely related magnitudes of T b and timing jitter, so a small T b for the n-on-p design is associated with a small timing jitter. However, the large difference between timing statistics from the two designs (or carrier injection conditions) has not been reported in design or simulation studies and is therefore worth further investigation. Given the gradual rise of dark count rate in a well-designed Si SPAD the adoption of n-on-p design (particularly for detection of short wavelength such as UV) could provide significant improvement in the timing statistics.
To obtain P b = 0.5, the n-on-p and p-on-n design require applied reverse bias of 32.0 (1.19 V b ) and 28.7 V (1.06 V b ), with corresponding peak electric fields of 563 and 535 kV·cm −1 , respectively. For the SPAD to quickly reach breakdown (0.1 mA in our simulations), the carriers need to build up energy quickly (by drifting along the electric field) and avoid losing energy or preferred trajectory (by encountering phonon scattering events). Due to lower electric field, carriers in the p-on-n design need to travel a longer distance to build up the same energy, compared to carriers in the n-on-p design.
In addition, carriers with low energy are more likely to encounter scattering events other than impact ionization. Phonon emission events delay impact ionization events, preventing rapid build up of instantaneous currents to trigger avalanche breakdown. From SMC simulations, we found mean numbers for phonon emission, phonon absorption and impact ionization for the p-on-n design that were 2.7, 3.0 and 1.6 times larger than those for the n-on-p design. Repeating the comparison at P b = 0.6 gave the same factors. In the p-on-n design, the carriers therefore had to have many more impact ionization events over a longer duration, before eventually reaching the current threshold. Hence, the differences in avalanche breakdown timing statistics of the n-on-p and p-on-n designs originate from the different electric field profiles required to produce the same breakdown probability.
While this model focuses on the contributions to timing jitter arising from the impact ionization mechanism, there exist other mechanisms that may impair the avalanche timing performance.
The current model could be expanded to include them, at the expense of simulation time. One cause of increased jitter is the absorption of photons at the edge of the SPAD's active region, resulting in avalanche pulses with timing performance very different from those triggered by photon absorption in the central active region [14] . This contribution can be significantly reduced by modern SPAD designs, which incorporate metal rings covering the periphery of the implanted active area [30] . Timing jitter contributions also arise from lateral carrier spreading through space-charge effects and photon emission from hot carriers. The former is significant at avalanche currents greater than the 0.1 mA current threshold used in this work, whereas the latter was found to be relatively insignificant [14] .
V. CONCLUSION
We have developed a simulation model for predicting avalanche breakdown probability, mean time to breakdown, and timing jitter for Si single photon avalanche diodes. The only required input is the electric field profile. The validations covered both APD and SPAD related performance parameters. Using this model, we show that there are clear differences in avalanche breakdown timing performance solely due to whether a hole or an electron was injected into the SPAD. For a given breakdown probability, Si SPADs achieve much faster and less variable time to breakdown, when photons are absorbed within the n-region, i.e., holes (the carrier less likely to cause impact ionization) are injected in the SPADs.
